With rapidly increasing availability of three-dimensional structures, one major challenge for the post-genome era is to infer the functions of biological molecules based on their structural similarity. While quantitative studies of structural similarity between the same type of biological molecules (e.g., protein vs. protein) have been carried out intensively, the comparable study of structural similarity between different types of biological molecules (e.g., protein vs. RNA) remains unexplored. Here we have developed a new bioinformatics approach to quantitatively study the structural similarity between two different types of biopolymers-proteins and RNA-based on the spatial distribution of conserved elements. We applied it to two previously proposed tRNA-protein mimicry pairs whose functional relatedness between two molecules has been recently determined experimentally. Our method detected the biologically meaningful signals, which are consistent with experimental evidence.
INTRODUCTION
With the rapid increase of available three-dimensional structures of macromolecules, one major challenge is how to take advantage of the information stored in these structures to advance our understanding of biological systems. The structure of a molecule often gives strong clues to its evolutionary origin and biological function (Teichmann et al. 1999 ). For example, even when two proteins share a very low sequence similarity (15%-20%), an unsuspected similarity at the structural level between them usually indicates a direct functional link. Therefore, one immediate application from the structures of biological molecules is to infer functions based on structural similarity. As a result of intensive studies in this aspect, many algorithms or software are available to quantitatively compare protein structures (Holm and Sander 1999; Koehl 2001) .
The structure-function correlation is not a privilege only for comparisons between the same type of biological molecules: It seems to extend between totally different types of molecules like protein and RNA. In the last 10 yr, extensive studies of the three-dimensional structure of the translation apparatus have revealed several such vivid examples. Namely, several protein translation factors resemble the tRNA molecule in terms of size and shape (Nissen et al. 1995; Liljas 1996; Selmer et al. 1999; Song et al. 2000; Klaholz et al. 2003; Rawat et al. 2003; Hanawa-Suetsugu et al. 2004) , and this has been termed ''molecular mimicry.'' Therefore, it was proposed that tRNA and its protein mimics are functionally related in the way they bind to or interact with the ribosome.
However, such claims were only based qualitatively on the overall three-dimensional structural similarity and often turned out to be misleading (Brodersen and Ramakrishnan 2003) . Currently, comparing the structures of proteins and RNA molecules quantitatively remains a big challenge. The difficulties are not only technical but, more importantly, conceptual: How can we compare two completely different biopolymers that share very few common characteristics? In this study, we present a novel computational approach to study structural similarity quantitatively between proteins and RNA based on the spatial distribution of conserved elements. We apply it to two previously proposed tRNAprotein mimicry cases whose functional relatedness between two molecules has recently been determined experimentally. Our results are consistent with experimental evidence. We hope that this method can advance our understanding about the structure-function correlation and provide a useful protocol for future examinations of other proposed mimicry pairs.
MATERIALS AND METHODS

Description of two well-studied protein-RNA examples
Recently structural studies have revealed that several protein translation factors mimic the overall shape and size of a tRNA molecule. Among these proteins, the most striking ones are elongation factor G (EF-G) and the ribosome recycling factor (RRF). In terms of their size and shape, the EF-G molecule resembles strikingly well the ternary complex of the elongation factor Tu (EF-Tu) bound to a GTP analog and a tRNA molecule (Aevarsson et al. 1994; Czworkowski et al. 1994; Nissen et al. 1995; Liljas 1996; Nakamura 2001) . Both structures share a roughly globular GTPase domain and a similar long protrusion. In particular, domains III, IV, and V in EF-G appear respectively to mimic the shapes of the acceptor stem, the anti-codon helix, and the T stem of tRNA in the EF-Tu ternary complex (Fig. 1a,b) (Nakamura 2001) . The structure of RRF when first solved was also found to be a near-perfect tRNA mimic (Selmer et al. 1999) . The RRF molecule consists of two domains (domain I and domain II), bridged by two loops. Except for the amino acid binding the 3 0 end, it can be superimposed onto the structure of tRNA Phe almost perfectly (Fig. 1c,d ). Based on these remarkable structural resemblances, one previously proposed hypothesis was that these translation factors would bind to the ribosome in a tRNA-like manner. In other words, their structures would be predictive of the way in which they interact with the ribosome. Recently intensive studies have been carried out to examine in great detail the interaction between these two translation factors and the ribosome. Cryo-EM studies of ribosomes with the EF-Tu ternary complex and with EF-G have indicated that both factors bind to approximately the same location on the ribosome, and at least in some states during translation, the orientations of both factors are roughly similar (Stark et al. 1997; Agrawal et al. 1998) . The tip portion of domain IV in EF-G, the domain that mimics the anti-codon arm of the tRNA in the EF-Tu-tRNA complex, was also localized in the decoding site in the ribosome by directed hydroxyl radical probing (Wilson and Noller 1998) . Thus the proposed function of EF-G (in terms of its binding site on the ribosome) appears to be confirmed by experimental evidence. However, regarding RRF, this is not the case. Several experimental studies recently mapped the orientation of this protein on the ribosome (Lancaster et al. 2002; Nakano et al. 2003; Agrawal et al. 2004) . Agrawal et al. (2004) , for example, reported that RRF orientation on the ribosome is strikingly different from that proposed by tRNA mimicry. In this study, EF-G and the EF-Tu-tRNA complex represents a positive example where similar shapes correlate with similar functions, while RRF and tRNA represents a negative example where similar shapes may occur by chance or reflect possible evolutionary history but have no modern functional implications. Our goal is to develop a method to detect meaningful signals that distinguish between these two situations.
Comparison of the spatial distribution of conserved elements between protein and RNA First, we identified conserved elements in EF-G, RRF, and tRNA, respectively (see Supplementary Material at http:// oxytricha.princeton.edu/liang/mimicry/mimicry.htm). The Consurf server (version 2.0) was used to calculate the conservation scores of amino acids (Glaser et al. 2003) . Given the threedimensional structure of a protein as an input, this software extracts the protein sequence from the PBD file and automatically carries out a search for homologous sequences of this protein. It aligns sequences, builds a maximum likelihood phylogenetic tree consistent with the alignment, and then calculates the conservation scores and classifies amino acid positions into nine groups (9, most conserved; 1, most variable). Because there are almost no arbitrarily chosen parameters involved in Consurf, the advantage of defining the most conserved (variable) amino acid residues is to avoid subjectivity.
In the case of EF-G, domains IV and V in EF-G mimic the tRNA in the EF-Tu ternary complex. (Domain III is poorly visible in the electron density map and therefore absent from the Protein Data Bank (PDB) file [Liljas 1996] .) The PDB file 1DAR was used as an input and 247 homologous sequences were used in the alignment. Seventeen of 206 amino acid residues with the score 9 were identified as conserved elements and 31 amino acid residues with the score 1 were identified as the most variable elements.
For RRF, the PDB file 1EH1 was used as an input and 121 homologous sequences were used in the alignment. Eighteen of 185 amino acid residues in RRF with the score 9 were identified as conserved elements and 30 amino acid residues with the score 1 were identified as the most variable elements. Regarding the conserved elements in tRNA, it has been well documented that there are 16 invariant nucleotides among all normal tRNAs (Kim 1978) . The conserved CCA nucleotides at the amino acid binding 3 0 end were excluded, since there are no corresponding parts in the superimpositions in both cases. Second, we next superimposed two partner structures for each protein-RNA mimicry case (EF-G vs. EF-Tu-tRNA; RRF vs. tRNA). The optimal orientations of two structures in the superimposition were calculated by the BIND2 program, which applied geometric hashing to find globally maximal matching of two molecules (Chang et al. 2004) . To be more cautious, the superimpositions determined manually were then used to confirm the best geometry alignment of two partner structures. Importantly, in both examples in our study, the two partner structures mimic each other nearly perfectly, so the best superimposition is actually quite self-evident. The superimposed PDB files are provided in Supplementary Materials (http:// oxytricha.princeton.edu/liang/mimicry/mimicry.htm).
Third, we calculated the number of conserved element pairs (CEPs) for each superimposition as follows. For tRNA and its corresponding protein in the superimposition, each nucleotide was represented by one nitrogen atom (N1 for C and U, N9 for A and G) and each amino acid residue was represented by its C a atom. For a given threshold (R), if the distance between a conserved amino acid and a conserved nucleotide in the superimposition is smaller than the threshold, it is counted as a CEP. We scored the total number of CEPs in each superimposition.
Fourth, for each superimposition, we generated a randomized background distribution to determine the statistical significance of the observed CEP number. While preserving the conserved elements in tRNA, the same number of amino acid residues was randomly chosen in the corresponding region of the protein as pseudo-conserved elements. The CEP number was then calculated. This random sampling was repeated 1000 times and the frequency of each CEP number in the simulation was calculated. The statistical significance of the observed CEP number (n) is defined as the cumulative probability of the CEP numbers that are not smaller than n in the simulation.
Finally, we also carried out negative controls for each case. The most varied amino acid residues in the protein replaced the most conserved amino acids and then a similar calculation was performed. In this situation, the statistical significance of the observed CEP number (n) is defined as the cumulative probability of the CEP numbers that are not larger than n in the simulation.
RESULTS
In order to extract meaningful signals to infer biological functions from the three-dimensional structures, we chose to compare the spatial distributions of conserved elements between RNA and protein molecules. This is based on a simple assumption that if the observed structural resemblance reflects the requirement of performing a similar function, then the spatial distributions of conserved elements between two molecules should be more similar than random expectation.
A control test with protein homologs
To test this idea initially, we first applied the method to several pairs of protein homologs. FtsZ and tubulin are a well-known pair of ancient protein homologs (Fig. 2 ) in prokaryotes and eukaryotes that function in cell division among other roles. Owing to their low sequence identity (< 15%), their distant relationship was firmly established only by comparison of their macromolecular and atomic structures, as well as by their functional mechanism (Lowe and Amos 1998; Nogales et al. 1998a,b) . We superimposed two structures (1FSZ-A and 1FFX-A) using SUPERPOSE (version 1.0; Maiti et al. 2004 ) and identified the most conserved amino acids using Consurf (66 FstZ homologs and 230 tubulin homologs, respectively) (Supplementary Material, http://oxytricha.princeton.edu/liang/mimicry/ mimicry.htm). Then in the superimposition of both proteins, the number of CEPs was introduced as a measurement of the similarity of conserved element spatial distributions. We used the randomized CEP background distribution to determine the statistical significance of the observed CEPs. As anticipated, there are significantly many more CEPs than randomly expected for this protein pair (Fig. 3a) . More importantly, as in Figure 3b , the statistical significance (P-value) of the CEP number strongly depends on the given threshold, which is used to define CEP. When the threshold is very small, no significant results can be detected since the criterion is too strict to score any CEPs; when the threshold is very large, one can also not detect any significant results, because in this situation the criterion is so loose that any two conserved elements in the www.rnajournal.org 1169 superimposition will be counted as one CEP. Nevertheless, when the threshold falls into a suitable range, two superimposed structures that share a similar conserved element distribution in three-dimensional space will have a CEP number significantly higher than random expectation.
We also applied our method to two independent RRF structures (PDB entries 1EH1 and 1DD5) and to another pair of ancient protein homologs, FtsA and actin (van den Ent and Lowe 2000) (PDB entries 1E4F-T and 1YAG-A) and observed similar results (data not shown). These results show that our method successfully detects similar spatial distributions of conserved elements in protein homologs where their structural similarity clearly reflects functional relatedness. Another crucial message from these control experiments is that the graph of statistical significance of the CEP number across a wide range of thresholds (P-value vs. threshold) is a reliable indicator of whether two structures share a similar spatial distribution of conserved elements. This protects our results from the bias of a single threshold or P-value cutoff.
Results from two protein-RNA structural comparisons
When we applied the method to two well-studied protein-RNA pairs (EF-G vs. EF-Tu-tRNA complex; RRF vs. tRNA), the graphs of P-value versus threshold were clearly different (Fig. 4a,b) . The graph of EF-G and EF-Tu-tRNA, the positive example, showed an exact tendency as expected. There is a middle region in the graph where a significant P-value could be detected (9-20 Å ) and the most significant P-value is < 0.001, indicating that the two structures share a similar distribution of conserved elements. However, in RRF, the negative example, no significant P-value can be detected at any threshold in the graph of RRF and tRNA.
In order to confirm these results, we designed additional negative controls. While preserving the conserved elements in the tRNA molecule, we replaced the conserved elements in the protein with the most variable amino acids instead. Thus for this negative control, the positive example should yield many fewer CEPs than random expectation when the threshold falls into a suitable range, while the negative example should not. As in Figure 4 , c and d, the graph of EF-G/EF-Tu-tRNA showed statistical significance when the threshold falls into a suitable range (4-11 Å ) and the most significant P-value < 0.001. In contrast, there is no statistical significance in the graph of RRF/tRNA at all.
DISCUSSION
In this study we present a novel quantitative method to study the mimicry between two types of functional biological molecules based on their similar three-dimensional structures. We applied the method to two well-studied protein-RNA pairs. In the positive case, EF-G and EFTu-tRNA are known to bind to the ribosome in a similar way. We find that these two molecules not only share a similar shape, but also share a similar conserved element spatial distribution. In the negative case, RRF and tRNA lack such a feature, and so their impressive resemblance is misleading in regard to inferences about protein function. The biologically meaningful signals make these two cases very distinguishable and demonstrate the validity of our method.
For the two pairs of proposed protein mimics that bear remarkable structural resemblance to tRNA, why is the spatial distribution of conserved elements a reliable indicator of its function? Regardless of the type of biopolymer, the conserved elements essentially preserve the nature of the biological molecule and determine its overall shape, flexibility, and specific interactions. These factors intrinsically define the role of the molecule in a biological system. Specifically, internal conserved elements play a key role in maintaining the overall structural stability of the molecule, while conserved elements on the surface are more likely to be binding sites and perform specific interactions. Therefore, the spatial distribution of conserved elements can reflect the selective constraints on the molecule more accurately. Regarding the positive case in this study, the similar pattern of conserved elements between EF-G and EF-TutRNA may represent a general requirement to enter the same ribosomal cavity, which is necessary to fulfill their biological functions.
While this method appears promising, the extent of application remains to be explored. Here we applied our method mainly to two well-studied examples of tRNA mimicry, because of the relatively strict requirement to be able to superimpose two partner structures. For molecules as dissimilar as RNA and protein, a near perfect superimposition provides the only platform for further analysis. Such similarity does not hold for other proposed protein-RNA mimicry pairs (Song et al. 2000; Rawat et al. 2003) , making any structural comparisons very subjective and difficult. Second, the method cannot establish a direct correspondence between a conserved amino acid and a conserved nucleotide in two molecules. Because protein and RNA are chemically different polymers, the specific details for two functional molecules are surely distinct. Here we use the spatial distribution of conserved elements as a proxy for comparison, but one should be cautious not to overinterpret this information. Third, as for any other computational methods, the observation of a similar distribution of conserved elements between two molecules does not guarantee related function, since they may be conserved for different reasons. The significance of our method is that it increases one's confidence in drawing functional inferences based on the member of the structural pair with known function. Distribution of statistical significance of CEP numbers in RRF and tRNA superimposition at various thresholds (1000 replicates with randomly chosen amino acids as conserved elements at each threshold). The statistical significance of the observed CEP number is defined as the cumulative probability of the CEP numbers that are not smaller than the observed CEP number in the simulation. (c) Distribution of statistical significance of negative control CEP numbers in EF-G and EF-Tu-tRNA superimposition at various thresholds. (d) Distribution of statistical significance of negative control CEP numbers in EF-G and EF-Tu-tRNA superimposition at various thresholds (1000 replicates with randomly chosen amino acids as most variable elements at each threshold). The statistical significance of the observed negative control CEP number is defined as the cumulative probability of the CEP numbers that are not larger than the observed CEP number in the simulation. The graph of statistical significance of the CEP number across a wide range of thresholds is a reliable indicator of whether two structures share a similar spatial distribution of conserved elements, which protects our results from the bias of a single threshold.
Our study also calls to attention the evolutionary relationship between protein and RNA. The RNA world hypothesis (Gilbert 1986) leads to the conjecture that most or many proteins displaced RNA ancestors, allowing the transition from the RNA world to the protein-dominated world of today (Nakamura 2001) . The fact that protein translation, a web of interactive RNAs and proteins, contains protein components that mimic tRNA implies that an important step in this transition was mimicry of functional or catalytic RNA by the proteins that usurped their role (Landweber 1999 ). As we demonstrate here, our work may further uncover one important architectural rule for RNA mimicry. This approach may furthermore prove useful for probing ancient homology in either proteins or RNA.
